Hole-free phase plates (HFPPs), also known as Volta phase plates, were already demonstrated to be well suited for in-focus transmission electron microscopy imaging of organic objects. However, the underlying physical processes have not been fully understood yet. To further elucidate the imaging properties of HFPPs, phase shift measurements were carried out under different experimental conditions. Both positive and negative phase shifts occur depending on the diameter of the zero-order electron beam and the HFPP film temperature. The analysis of Thon ring patterns of an amorphous carbon test sample reveals that the phase-shifting patch can be significantly larger than the size of the zero-order beam on the HFPP film. An HFPP was used for in-focus phase contrast imaging of carbon nanotube (CNT) bundles under positive and negative phase-shifting conditions. The comparison of experimental and simulated images of CNT bundles gives detailed information on the phase shift profile, which depends on the spatial frequency in the vicinity of the zero-order beam. The shape of the phase shift profile also explains halo-like image artifacts that surround the imaged objects. which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
Introduction
Organic materials are highly transparent for high-energy electrons in transmission electron microscopy (TEM), which leads to weak or even vanishing contrast in conventional in-focus TEM images. Such objects cause a negligible modulation of the amplitude of the exit wave function and only weakly influence the phase of the incoming electron wave. For a long time, defocusing of the objective lens has been commonly used to visualize the structure of weakly scattering samples by means of phase contrast [1] . However, defocusing comes along with a contrast delocalization and impedes image interpretability.
Different concepts for generating in-focus phase contrast by physical phase plates (PPs) were suggested already many years ago [2, 3] . A PP is a device installed in the back focal plane (BFP) of the objective lens, where it introduces a phase shift difference �ϕ PP between the unscattered and the scattered electrons. In this work, we use the convention that a negative phase shift of the unscattered electrons corresponds to an advancing phase plate [4] . The transfer of the object wave by the imaging system is described by the coherent contrast transfer function (CTF), which is given by
The wave aberration function (1) CTF(q) = exp (−i · χ PP (q)).
(2) χ PP (q) = π�f e · q 2 + π 2 C s 3 e · q 4 + �ϕ PP Open Access *Correspondence: rebecca.pretzsch@kit.edu 1 Laboratory for Electron Microscopy, Karlsruhe Institute of Technology (KIT), Engesserstr. 7, 76131 Karlsruhe, Germany Full list of author information is available at the end of the article Pretzsch et al. Adv Struct Chem Imag (2019) 5:5 includes phase shift contributions by the defocus f and the spherical aberration with the spherical aberration constant C s as well as the phase shift �ϕ PP of the PP. The electron wavelength is denoted by e . For weak phase objects, the CTF reduces to the phase contrast transfer function (PCTF), which is proportional to sin χ PP . In the power spectrum of a TEM image of a thin amorphous sample, dark and bright rings appear due to the PCTF, which are denoted as Thon rings. Without PP (i.e., �ϕ PP = 0 ), the wave aberration function and thus the PCTF are close to zero for low spatial frequencies. A phase shift �ϕ PP = ±π/2 converts the sine-shaped PCTF into a cosine function resulting in strong phase contrast. During the last two decades, substantial progress has been made in the experimental realization of PPs due to a general improvement in the fabrication of microstructured devices. Numerous different PP concepts have been proposed [5] with the thin-film Zernike PP being the first successful realization [6] . It consists of a thin amorphous carbon (aC) film with a small hole in the center and relies on the principle that scattered electrons passing through the film obtain an additional phase shift due to the mean inner potential of the film material. An optimal phase shift of − π/2 is achieved by adjusting the thickness of the film. Thin-film PPs are comparatively easy to fabricate, but show an ageing effect leading to charging-induced image artifacts [7] . In addition, the hole diameter determines the cut-on frequency below which phase contrast is not enhanced as scattered electrons transmitted through the hole do not gain a phase shift. Moreover, the sharp edge of the central hole causes intensity oscillations at abrupt changes of the scattering potential in the specimen, which are denoted as fringing artifacts [6, 8] .
To avoid fringing, the hole-free phase plate (HFPP) was introduced recently [9, 10] , with the Volta PP being the most common realization [10] , and several impressive applications have been published in the recent past [11] [12] [13] [14] [15] [16] [17] . The HFPP consists of a continuous and homogeneously thin aC film without a hole and relies on the formation of a phase-shifting patch on the film induced by the high intensity of the zero-order beam (ZOB). Both positive [9] and negative [10] phase shifts have been reported. A positive phase shift can arise from positive charging due to the emission of secondary electrons from the aC film or contamination growth at the position of the ZOB [9, 18] . In the case of contamination growth, the phase shift is given by ϕ = σ V MIP t with the interaction constant σ , the mean inner potential V MIP , and the local thickness t of the deposited contamination patch [19] . A negative phase shift can be explained by a change of the local work function in the region of the ZOB. With adsorbed (water) molecules acting as a dipole layer, the work function is modified if some adsorbed molecules are desorbed by the intense ZOB [20] . The induced phase shift strongly depends on ambient conditions such as the temperature of the HFPP, the electron dose, the size of the ZOB on the film, and residual gases in the vacuum [9, 10, 20, 21] . However, a clear understanding of the influence of these parameters and their control has not been achieved yet and requires further investigation.
In this work, we have analyzed the phase-shifting behavior of an HFPP by systematic phase shift measurements for different experimental conditions. Phase shift measurements were conducted for two different ZOB diameters on the HFPP film and for unheated and heated HFPPs to examine the sign and strength of the induced phase shift. The measurements show that a proper choice of the considered parameters is crucial to obtain the desired phase shift. In addition, a dependence of the phase shift on the spatial frequency q is observed. Therefore, the phase-shifting behavior of HFPPs will be described in the following by �ϕ PP (q) = ϕ PP (0) − ϕ PP (q) , including the q-dependence in the wave aberration function:
The phase shift of the unscattered electrons is denoted by ϕ PP (0) and we assume ϕ PP (q) → 0 for sufficiently high spatial frequencies q . Phase contrast imaging was conducted for a single-walled carbon nanotube (CNT) sample. Image simulations of CNT bundles are quantitatively compared with experimental HFPP images, which allows for the reconstruction of ϕ PP (q) at low spatial frequencies and explains halo image artifacts that surround objects in HFPP TEM images. The simulations also show that the shape of ϕ PP (q) at low spatial frequencies is crucial for the performance of an HFPP as a suitable phase contrast imaging tool.
Methods

HFPP implementation
The HFPP was prepared by depositing a thin aC layer by electron-beam evaporation (PVD75, Kurt J. Lesker Company, Hastings, UK) on a freshly cleaved mica sheet (Plano, Wetzlar, Germany, Product No. 54) and subsequent floating of the film on a TEM gold grid (Plano, Product No. G2200A). The film thickness was measured to be 12 nm by imaging of a cross-sectional TEM lamella that was prepared by focused ion beam milling from a simultaneously coated silicon wafer. The HFPP was mounted onto a customized HFPP holder equipped with a heating device and a temperature sensor in the vicinity of the film. The holder was attached to a Kleindiek MM3A-EM micromanipulator system (Kleindiek, Reutlingen, Germany) and implemented into the BFP of During alignment, the condenser astigmatism must be well corrected to obtain a round shape of the ZOB on the HFPP film. Particular attention has to be paid to the vertical position of the HFPP film which must coincide with the BFP of the objective lens. The position of the BFP is aligned by adjusting the C2 lens current [22] . If the HFPP is not in the BFP, the granularity of the HFPP film becomes visible in the image at intermediate magnification. By varying the C2 lens current, the vertical position of the BFP is adjusted until the image of the film disappears. For each measurement, a fresh position on the HFPP film was used after performing the vertical adjustment close to the new HFPP film position.
Phase shift determination and HFPP TEM imaging
We present phase shift measurements conducted at room temperature with a small and a large condenser aperture (50 µm and 150 µm) resulting in a small (~ 100 nm) and large (~ 250 nm) diameter of the ZOB on the HFPP film and in addition at an HFPP film temperature of 200 °C with a small ZOB diameter. Time series of images were recorded with a 4 k charge-coupled device camera (TVIPS, Gauting, Germany). After each series, the HFPP film was imaged in defocused diffraction mode to reveal the imprint of the ZOB on the HFPP film. Since this mode is not a calibrated imaging mode, the size of the patches was subsequently measured in a scanning electron microscope.
An aC film with 50 nm thickness was used as test specimen to determine the phase shift induced by the HFPP by analyzing the power spectrum of the image intensity, which represents the square of the PCTF, being proportional to sin 2 χ PP . Imaging was performed at relatively large underfocus values to obtain a sufficient number of Thon rings in the power spectrum. After background subtraction and envelope correction [23] , the azimuthally averaged intensity profile is determined. The phase shift profile ϕ PP (q) can be extended and might cause an additional q-dependent shift of the inner Thon rings. For the outer rings (i.e., high q ), where we assume that the phase shift no longer depends on q , the experimental power spectrum can be fitted by sin 2 χ PP with a constant phase shift �ϕ PP (q) = ϕ PP (0) . This procedure yields the defocus f and ϕ PP (0) . For the inner rings, the deviation between the measured power spectrum and the fit yields a first estimate of the phase shift profile ϕ PP (q) . For simplicity, only minima and maxima of the measured power spectrum are evaluated in this case. The phase shift profile ϕ PP (q) is determined in more detail by comparison of experimental and simulated HFPP TEM images of CNT bundles, as outlined in "Comparison between experimental and simulated HFPP images".
Phase contrast images were acquired for a CNT sample. The sample was fabricated by laser evaporation of a composite carbon/nickel catalyst target (Tōyō Tanso, Osaka, Japan) and deposited on a holey carbon film (Plano, Product No. S147-2). The CNTs appear in bundles of parallel single CNTs and partially protrude into vacuum regions.
Results and discussion
The following chapter is divided into three subsections. The first subsection contains the analysis of the phase shift of HFPPs under different operation conditions. The results of HFPP TEM imaging of a CNT sample are described in the second subsection. The third subsection is devoted to the comparison of experimental and simulated image intensity profiles of CNT bundles, which yields detailed information on the phase shift profile for low spatial frequencies.
Phase shift measurements
Time series of images of the aC test specimen were acquired and the corresponding Thon ring patterns were evaluated to examine the phase-shifting behavior of HFPPs under different conditions (cases A-C, see Table 1 for an overview). For cases A (small ZOB, ~ 100 nm) and C (large ZOB, ~ 250 nm), the HFPP was kept at room temperature (25 °C) . For case B (small ZOB), the HFPP temperature was raised to 200 °C. For case A, the phase shift evolution was so fast that image acquisition had to be performed in video mode of the camera at 13 kX magnification. For cases B and C, an acquisition time of 2 s at 97 kX magnification with a waiting time of 4 s between each image was used. For each case, results of a representative time series are depicted in Fig. 1 , showing the evolution of the phase shift ϕ PP (0) of the ZOB and For an unheated HFPP, we expect positive phase shift according to the literature [9] , which can be attributed to contamination growth and the positive mean inner potential V MIP of the contamination patch [18] . This is in agreement with the experimental findings for case A, where the induced phase shift is positive and builds up to ϕ PP (0) = 3π within ~ 20 s (Fig. 1b) . The dark spot on the HFPP film at the position of the ZOB indicates a strong thickness increase of the aC film by contamination ( Fig. 1a) . A measurement over longer time scales was not reasonable, because the signal became very weak due to strong electron scattering in the contamination patch.
For a heated HFPP with small ZOB diameter (case B), contamination is suppressed and a negative phase shift is measured as expected [10] . The phase shift evolution starts close to ϕ PP (0) = 0 and reaches ϕ PP (0) = −0.8π after approximately 150 s (Fig. 1e ), yielding the best phase-shifting conditions in our experiments. Contamination is not visible in the focused TEM image of the ZOB imprint ( Fig. 1d ). However, the dark shadow in the defocused TEM image indicates that a phaseshifting patch is formed at the position of the ZOB. It was already demonstrated that increasing temperatures lead to a reduction of the absolute value of ϕ PP (0) [10] . The operation temperature was limited to 200 °C in this work, which prevented further optimization of ϕ PP (0) towards -0.5π. The sign change of ϕ PP (0) indicates that a completely different mechanism is responsible for the phase shift compared to case A. Hettler et al. [20] suggested that the negative phase shift can be explained by a change of the local work function after desorption of adsorbed (water) molecules on the HFPP surface by the intense ZOB.
For the unheated HFPP with large ZOB (case C), we measured a negative phase shift with ϕ PP (0) = −3.5π after 150 s (Fig. 1h ), even though contamination was present. The origin of the negative ϕ PP (0) can be understood by considering the TEM image of the contamination patch ( Fig. 1g) , which clearly differs from case A (Fig. 1a) , where the ZOB was smaller. For case C, contamination only builds up at the edge of the ZOB, because weakly bound hydrocarbon molecules on the surface diffuse towards the ZOB and are deposited at its rim [24] , which prevents contamination in the central region. Thus, the unscattered electrons do not experience any positive phase shift but a negative phase shift instead due to electron stimulated desorption of the water dipole layer on the film surface. Although a positive phase shift should have been imposed on electrons passing through the contamination ring, the effect was not distinct enough to be resolved in the Thon ring pattern. However, the experimental results for case C show that the effect evoking a negative phase shift can also occur at room temperature leading to even higher negative values of ϕ PP (0).
For an analysis of the phase shift profile, the Thon ring patterns obtained from the last image of each time series will be discussed in the following. An azimuthally averaged intensity profile of the experimental Thon ring pattern (black line) and the fitted PCTF (blue line) are shown in Fig. 2a for case A (small ZOB, unheated HFPP) after 30 s of illumination. The complete Thon ring pattern can be well fitted with ϕ PP (0) = (2.76 ± 0.06)π and �f = (−9.63 ± 0.12) µm indicating a vanishing extension of the phase-shifting patch. Figure 2b shows the Thon ring pattern for case B (small ZOB, HFPP temperature 200 °C) after 150 s of illumination. A q-dependence of the phase shift causes an additional unknown shift of the inner Thon rings. Therefore, only spatial frequencies with q > 1 nm −1 were considered for the fit, which yields ϕ PP (0) = (−0.82 ± 0.05)π and �f = (−0.65 ± 0.13) µm. The difference between the experimental data and the fit (cf. "Phase shift determination and HFPP TEM imaging") yields the phase shift profile ϕ PP (q) , which is shown in the lower graph of Fig. 2b . The outer radius of the phase-shifting patch on the HFPP in the BFP is given by r ≈ 1 nm −1 · e · L = 4 µm (focal length L = 1.7 mm , e = 2.51 pm ), which clearly exceeds the ZOB radius of 100 nm.
A discrepancy between the PCTF fit and the experimental Thon ring pattern is also found for case C (large ZOB, no HFPP heating) after 150 s of HFPP illumination, as shown in Fig. 2c . The fit of the Thon ring pattern for q > 1 nm −1 yields ϕ PP (0) = (−3.55 ± 0.11)π and �f = (−1.73 ± 0.03) µm. The resulting ϕ PP (q) is plotted in the lower graph of Fig. 2c . The measurements for case C are qualitatively equivalent to the results for case B, but the phase shift is more pronounced. This can be explained by two effects. It was suggested that the negative ϕ PP (0) increases with the diameter of the charged patch [20] . In addition, the concentration of adsorbed molecules should be higher at low temperature, leading to a higher work function. At this point, it is not possible to identify the dominant effect and additional measurements are required for clarification.
An indication that the ϕ PP profile may extend to even higher q can be seen in Fig. 1f (case B) and i (case C), where the fitted defocus values increase in magnitude over time by about 5% or 18%, respectively. The variation of the fitted defocus values suggests that ϕ PP (q) has still not completely dropped to zero for the fitted Thon rings, which leads to an error in the determination of f and ϕ PP . For a more precise determination of ϕ PP (0) , damping by partial coherence of the electron wave at high q values could be reduced using a smaller defocus. On the other hand, this would yield a smaller number of Thon rings and thus less information on the ϕ PP profile. Either way, the HFPP performance depends strongly on the phase shift profile at low spatial frequencies.
We add that for case A (positive phase shift), it might be possible that a negative phase shift builds up simultaneously, but is not visible in the measurement, because only the first 30 s of HFPP illumination could be analyzed. In fact, additional measurements at HFPP film temperatures of 100 °C (not shown here), where contamination builds up more slowly, showed both positive and negative phase shifts. This is in agreement with the findings from [4, 20] and indicates that contamination and negative charging can occur simultaneously. Fig. 3 . Conventional bright-field TEM images of CNT bundles in focus and at an underfocus of − 330 nm are shown in Fig. 3a, b . CNT bundles are barely visible in Fig. 3a as expected for phase objects. Defocusing leads to contrast enhancement and the appearance of Fresnel fringes at the bundle edges (Fig. 3b) . Inserting the HFPP with ϕ PP (0) = −0.8π close to focus (Fig. 3c ) strongly enhances the contrast, whereby CNT bundles and CNTs within the bundles (inset in Fig. 3c ) become visible. Intensity line profiles from the same sample position (arrows in Fig. 3a-c) , normalized with respect to the vacuum intensity I 0 , are shown in Fig. 3d and reveal contrast enhancement of the HFPP image (red line) compared to the conventional in-focus TEM image (blue line). In contrast to a Zernike PP [6, 25] , fringing artifacts due to the abrupt onset of �ϕ PP (q) do not emerge. However, a bright halo occurs at the edge of the CNT bundles, which can be attributed to the extended phase shift profile (cf. Fig. 2 ) and will be verified by simulations in the next section. Figure 4 illustrates the phase-shifting behavior under case A conditions (small ZOB, unheated HFPP). Figure 4a-c presents HFPP TEM images of CNT bundles during build-up of an increasingly positive phase shift after 2, 6, and 12 s which results from contamination growth. A smaller magnification was used here, because the fast build-up of contamination required shorter exposure times. CNT bundles and some catalyst agglomerates are clearly visible. The images show contrast reversals, which are particularly well visible for the CNT bundles in the central part of the images. The CNT contrast is reversed from bright (Fig. 4a) to dark (Fig. 4b ) and bright again (Fig. 4c ). Contrast reversals are also observed for the broad halos that surround the CNT bundles. Intensity line profiles across a CNT bundle (arrows in Fig. 4a c) are shown in Fig. 4d . The complete image sequence is provided as Additional file 1. The contrast inversions in Fig. 4 are consistent with the measurement of the phase shift evolution over time (Fig. 1b ). After 2, 6, and 12 s, the phase shift is approximately ϕ PP (0) = 0.5π , 1.5π and 2.5π , which leads to the observed contrast inversions. After 12 s, the background signal is reduced by 60% due to the increase of electron scattering in the contamination deposited at the phase-shifting patch. Even though the small extension of the phase shift profile for positive phase shifts (see Fig. 2a ) is advantageous, the strong signal decrease makes this operation mode unsuitable for phase contrast imaging as long as contamination growth cannot be controlled.
HFPP TEM imaging of CNT bundles
Comparison between experimental and simulated HFPP images
We simulated HFPP TEM images of CNT bundles taking into account the extended phase shift profile of the HFPP and compared simulated and experimental images. The simulations provide instructive information on the shape of ϕ PP (q) and allow a quantitative understanding of artifacts in HFPP TEM images. Figure 5a depicts an HFPP TEM image acquired under case B conditions, which is analyzed by simulations in this section. The black lines in Fig. 5c , e show intensity profiles across the small and the large CNT bundle in Fig. 5a . The intensity values of the small bundle are vertically shifted by 0.3 for better visualization. For the simulations, the bundles are approximated as homogeneous cylinders with radius r yielding the object exit wave function exp (iφ(x)) , where φ(x) = 2α √ r 2 − x 2 is the projected phase of the cylinder and α is the phase shift per unit length. The image intensity is simulated by a convolution of the exit wave and the point spread function given by the inverse Fourier transform of the CTF e −i�ϕ PP (q) (cf. Eqs. 1 and 3 without influence of defocus and spherical aberration). To reconstruct the phase shift profile, the results of the Thon ring analysis for case B Fig. 1b ). Due to strong contamination growth at the ZOB and the corresponding change of phase shift, contrast inversions are observed. d Intensity profiles along the arrows in (a-c). The signal decreases over time due to scattering in the contamination patch with increasing thickness (lower graph in Fig. 2b ) are used as a first approximation, because HFPP imaging and Thon ring analysis cannot be performed at the same time. Since only few data points are available for low q values, they have to be interpolated to obtain a smooth phase shift profile for the simulation.
As an example, Fig. 5b shows the phase shift profile with a linear interpolation between the measured values (blue dots). The corresponding simulation (Fig. 5c ) does not agree well with the experimental intensity profiles, even though a simultaneous fit of the small and the large bundle with respect to α is performed. To compensate for the lack of data points at low spatial frequencies, additional points (red dots) are added artificially between the first two blue points (Fig. 5d, e ). The phase shift between the red data points is again interpolated linearly, except for the values around q = 0 , where a parabola is used. The points are placed equidistantly along the ordinate axis, whereas their position along the abscissa is optimized by a fit routine. Furthermore, the experimental image shows asymmetric halo intensities around the CNT bundles, which can be explained by a drift of the HFPP. For this, the right branch of the phase shift profile has to be elongated by 0.002 nm −1 , corresponding to a drift of 8.5 nm. Taking all these modifications into account, the resulting simulated image intensities for the small and the large CNT bundle are shown in Fig. 5e with the corresponding phase shift profile in Fig. 5d . The small elongation of the phase profile is hardly visible in the plots. The fitted value α = 0.033 rad/nm is in reasonable agreement with the literature value for a single CNT of α ≈ 0.042 rad/nm [26] and corresponds to half of the phase shift caused by amorphous carbon, where α = C E V MIP = 0.066 rad/nm [27] . The simulated image intensities in Fig. 5e agree well with the measured intensities for both CNT bundles. This demonstrates that the observed halo occurs due to the extended phase shift profile of the HFPP, having a sharp peak in the center with an extension similar to the size of the ZOB and long flat tails at higher spatial 
